Since the first discovery by Weissmanl in 1942 that Eu(III) complexes with f3-diketonate ligands exhibit phosphorescence when irradiated with UV light, they have been intensively studied with respect to applications for laser materials2, the fluorometric determination of lanthanide elements3'4, paramagnetic probes for biological molecules5, and highly sensitive fluorometric probes for biological molecules.6'' The fluorometric properties of lanthanide elements and their complexes have already been reviewed in several articles.5'g- 13 The time-resolved fluorometric immunoassay using lanthanide complexes as the fluorometric label has attracted much attention.l4-19 Complexes of lanthanide, especially those of Eu(III), emit strong fluorescense with a large Stokes shift (approx. 250 nm) and long lifetime (approx. several hundreds µs). These distinct properties enabled the development of highly sensitive time-resolved fluoroimmunoassay, in which lanthanide complexes are used as fluorescent labels. Among the complexes, the most commonly used one in a dissociation-enhanced lanthanide fluoroimmunoassay system (LKB system)14 is Eu(NF3)3(topo)2 (NF3 is 1,1,1-trifluoro-4-(2'-naphthyl)-2,4-butanedionate and topo is trioctylphosphine oxide). With this system, highly sensitive determinations of antigens, antibodies, hormones, and DNA constituents have been reported, l4,15,19 In order to improve the sensitivity of this method, the development of label complexes having a higher fluorescent yield than that of Eu(NF3)3(topo)2 is necessary.
It is known that the fluorescence intensity of /3-diketonate complexes of Eu(III) is dependent upon substituents R1 and R2 (Fig. 1) .4,20,21 When R1=R2=alkyl, R1=R2=aryl group, or R1=aryl group and R2=alkyl hydrocarbon, the complex is weakly fluorescent. This is drastically changed when R2 is CF3. The fluorescence is strongly enhanced. With R2 fixed at CF3, the fluorescence intensity decreases in the order R1 naphthyl>_ thienyl> phenyl> alkyl. 4, 20, 21 This fact suggests that the fluorescence intensity increases as the electrondonating ability of R1 increases.
Since there has been no systematic study since then, we extended the variations of R1 and R2, and examined the correlation between the /3-diketone structures and the fluorescence intensity. Two series of totally 8 Eu The Eu(III)-,3-diketonato-topo complexes were prepared similarly to the reported method4 for other Eu(III) /3-diketonato-topo complexes by reacting EuCl3, sodium /3-diketonate and topo in ethanol. The products were recrystallized from benzene. The complexes with NF3 to NF9 ligands were a pale-yellow oil, whereas those with PF3 to PF9 ligands were yellow solids with low m.p. (the products were obtained initially as oils, which became solid after several days of vacuum-drying 
Results and Discussion
The fluorescence intensities of the complexes The absorption and fluorescence properties are summarized in Table 1 . Those complexes with NF3 -NF9 ligands exhibit absorption maximum at 339 nm, whereas those complexes with PF3 -PF9 exhibit at 346 nm. Although the absorption maximum does not vary upon changing R2 from CF3 to C4F9, the molar absorption coefficient increases. These facts suggest that the absorption maximum is determined by the 7c system of the RICOCHCO-group (n sic*), whereas an increase of the electron-withdrawing property of R2 increases the molar-absorption coefficient. The UV spectra of [Eu(NF7)3(topo)2] and [Eu(PF7)3(topo)1.S] are shown in Fig. 2 . The fluorescence excitation and emission spectra of the two compounds are shown in Fig. 3 . The excitation spectra for NF3 -NF9 complexes show an excitation maximum at 339 nm, whereas complexes with PF5 -PF9 exhibit it at 346 nm (PF3 at 344 nm). These excitation maxima correspond to the absorption maxima in Fig. 2 . The emission spectra with excitation at the above-mentioned maximum wavelength are basically the same for ° all of the complexes; the same fluorescence emission peaks are observed regardless of the ligands, since the emission peaks are purely of the Eu(III) nature. These excitation and emission features of Eu(III) complexes have been explained as being energy transfer from the aromatic /3- Since the 5D1 state finally emitts fluorescence via 5D0, the fluorescence spectrum is always the same and does not depend on the ligand. The fluorescence peak maximum is 615 nm for all of the complexes, which is assigned to the 5D0-*7F2 transition .
The fluorescence intensity (F) is described as F= kIo(2.303EC1)4f (k=instrumental constant, EC1= absorbance) when the absorbance is less than 0.02. Since the emission peak profiles (the full width at half maximum is ca. 12 nm) are the same for all of the complexes, the absolute sensitivity (A.S=E4f) is shown in Table 1 as on indication of the fluorescence intensity. In Table 1 , ~f is also shown.
Since ~f decreases as R1 is changed from naphthyl to phenanthryl for an identical R2, as is shown in Table 1 , and ~f is reported to decrease upon changing R1 from phenyl to naphthyl4, the whole tendency of ~f is phenyl > naphthyl > phenanthryl. When R2 is CF3, the respective f values are 0.288, 0.209 and 0.127. As the R2 is varied in the order CF3-*CF2CF3--CF2CF2CF3--~ CF2CF2CF2CF3, both c and ~f increase; especially the increase of ~f is distinct when R2 is changed from CF3 to C3F7. A further change of R2 from C3F7 to C4F9 only slightly increases f, presumably because the increase in the electron-withdrawing power is small, and because the coordination of the /3-diketonate ligands is somewhat hindered, since the more bulky ligands are coordinated to a central metal.
As a result of the increasing E and the absolute fluorescence intensity (A. S) increases as R2 is changed in the order CF3 -* CF2CF3 -* CF2CF2CF3 --* CF2CF2CF2CF3.
'H NMR spectra of the ligands and complexes
In spite of the fact that the complexes are paramagnetic, fairly sharp 1H NMR peaks are observed for the /3-diketonate ligands, whereas the 1H peaks for topo are broad. The 1H chemical shifts of /3-H in free and coordinated /3-diketonate ligands are summarized in Table 2 . The 8(x3-H) value of free ligand slightly increases as the electron-withdrawing nature of R2 increases, whereas in 8-diketonate complexes, the 8(f3-H) value decreases as R2 becomes more electron withdrawing. This opposite tendency of the 8(f3-H) chemical shift can be explained as follows. The electron density at a-H in the complex increases as R2 becomes more electron-withdrawing, and thus electrons flow from the aryl group R1 onto the -COCHCO-sites of the /3-diketonate. The increased electron density at a /-H in the /3-diketonate group shifts the 1H NMR signal to a higher field, and also seems to favorably affect the energy transfer from the ligand to the Eu3+ ion, thus enhancing fluorescence. in a free ligand, on the contrary, the electron density at /-H decreases as R2 becomes more electron withdrawing, since the /3-diketone site is not well conjugated to the dc-system of R1, and, therefore, electrons do not significantly flow from R1 onto the ~3-diketone sites. The increased electron-withdrawing nature of R2 only causes a reduction in the electron density at /3-H (Fig. 4) .
The above-mentioned 1H NMR measurement clearly shows the keypoint to design 13-diketones for fluorometry: /3-H should be electron-rich and the chemical shift should be as low as possible to gain high fluorescence. The /3-H signal of' H NMR is a good measure to estimate the ligand's effectiveness for use in fluorophotometry.
Application of the complexes to Eu determination
The present complexes are strongly fluorescent, having long lifetimes, and therefore seem to be promising as labels for immunoassay. As a primary attempt, the lowest detection limits of [Eu(NF3)3(topo)2] and [Eu(PF,)3(topo)1.5] were examined with time-resolved fluorophotometry for micellar solutions. The preparation procedure for micellar sample solutions is outlined in Fig. 5 , and the calibration curves are shown in Fig. 6 . As the calibration curves show, [Eu(PF7)3(topo)1.5] gives distinctively stronger fluorescence compared to that of [Eu(NF3)3(topo)2], the sensitivity difference being 20 times. Since the difference of A.S in the two compounds is only 2 times (Table 1) , the marked difference in the calibration curve (20 times) is the result of a 20-times repetitive measurement. In time-resolved fluo- [Eu(NF3)3(topo)2] (1) and solutions were prepared as
